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ABSTRACT
A study on the basic mechanism of aldosterone 
secretion was performed on 15 month old Holstein heifers. 
Animals were fitted with indwelling jugular catheters 
and estrous cycle was synchronized with PGF2a . Effects 
of adrenocorticotrophic hormone (ACTH) and angiotensin 
II (All) on the secretion of aldosterone, cortisol, 
progesterone and other parameters such as sodium and 
potassium that influenced aldosterone secretion were 
analyzed by Latin Square design, replicated twice. 
Treatments consisted of intravenous injections of 200 
I.U. ACTH/animal, 18 mg AII/animal, or physiological 
saline. Blood samples were collected before treatment 
(0 min), at fifteen and thirty minutes after treatment, 
and at hourly intervals for six hours, thereafter. 
Collection was done every other day within each square 
with three days rest after the first replicate. ACTH 
and All resulted in a highly significant (P < .0005) 
increase in both aldosterone and cortisol. Mean 
aldosterone values + S.E. resulting from ACTH, All and 
control treatments were 234.9 + 51.7, 466.2 + 53.6 and
57.1 + 51.9 pg/ml, respectively. Mean cortisol values 
+ S.E. resulting from ACTH, All and control treatments 
were 29.9 + 1.0, 16.2 + 1.0 and 5.6 + 1.0 ng/ml, 
respectively. Indications were that the effective
stimulators of aldosterone and cortisol were All and ACTH, 
respectively. Progesterone was not significantly 
increased by treatment. Mean values obtained for 
control, ACTH and All were 1.0 + 0.1, 1.1 + 0.1 and 1.2 +
0.1 ng/ml, respectively. There were no significant 
effects of treatment on serum levels of sodium or 
potassium in the serum of the dairy animals.
Twelve pregnant (120-150 days of gestation) Holstein 
heifers were used to study the circadian rhythm of 
cortisol, aldosterone, progesterone, sodium and potas­
sium in the dairy cattle during summer in Louisiana. 
Cortisol was not significantly influenced by time (time 
1 = 0600). Aldosterone, sodium, potassium and proge­
sterone changed significantly (P < .01) with time. 
Aldosterone peaked (116.5 +17.2 pg/ml) at 0800 and then 
declined at 1600 (26.7 +2.0 pg/ml). Sodium generally 
increased from 0600 (320 +7.3 mg%) to 1800 (377.9 +
6.1 mg%), and then declined. Potassium increased from 
0600 (20.9 + 0.5 mg%) to 2200 (23.0 + 0.3 mg%). 
Progesterone increased from 0700 (2.8 + 0.4 mg/ml) to 
2400 (7.5 + 1.4 ng/ml). Aldosterone was significantly 
related to temperature associated with the time of the 
day samples were taken (r = 0.66, P < .02).
x
INTRODUCTION
The adrenal gland is always considered as the organ 
responsible for maintaining homeostasis when animals meet 
stress. Extreme temperature is one form of stress whose 
effects on cattle has been the subject of several investi­
gations (1, 9, 15, 60, 61, 63, 64). While cold stress 
has little effects on reproduction, effects of thermal 
stress on reproduction in dairy cattle are manifested 
through several physiological mechanisms which would 
result in adverse effects on duration of estrus, concep­
tion, uterine function, endocrine status, early embryonic 
development and fetal growth (10).
Circadian rhythm is a twenty-four hour period 
repetition of certain phenomena in living organisms. It 
may represent an important regulating mechanism for the 
physiological and behavioral responses of animals to their 
changing environment. There is now a growing interest in 
the dairy rhythm which influences reproduction and other 
physiological systems in the body. The existence of 
diurnal rhythm in the hormones produced by the adrenal 
glands and the anterior pituitary, and its interactions 
with the reproductive systems have been known for many 
years. Diurnal variations in plasma concentrations of the 
adrenal steroids have been demonstrated in man (44) , monkey 
(7, 46), bovine (32), and the rat (40).
1
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Presently, there is still disagreement as to the 
amount of progesterone contributed by the adrenal gland of 
the bovine to the systemic circulation. Adrenal glands 
are sometimes considered in the bovine to contribute 
significant amounts of progesterone to the total plasma 
progesterone pool (27) . Rahe et al. (47) found that the adrenal 
gland contributes only a minor portion, 34 to 485 pg/ml 
in ovariectomized cows compared to 2400-6000 pg proge­
sterone/ml in the circulation of cycling cows measured 
on day ten of the cycle. Perhaps this can be explained 
by the difference in the methodology used for proge­
sterone. Previous studies (1, 2, 5, 9, 36) used methods 
which are not so specific and sensitive compared to those 
currently in use. This is true for hormone assays. 
Progesterone, for example, was first measured using 
flourescence through the use of spectrophotometer, then 
a more specific assay was developed using competition 
binding protein. Most hormones are now analyzed by their 
respective radioimmunoassay.
The present study was designed to determine the 
mechanism of aldosterone secretion, and the circadian 
rhythm of aldosterone, cortisol and progesterone concen­
trations for dairy cattle under the natural summer condi­
tion in Louisiana. Basic study of the mechanism of 
aldosterone secretion might clarify some of the factors
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that regulate the daily rhythm. Baseline information on 
aldosterone as well as the factors that influence its 
secretion might be obtained from the basic study with 
aldosterone. Knowledge of circadian rhythm for cortisol, 
aldosterone and progesterone in the bovine during summer 
would provide useful information with regards to heat 
stress, as well as information on the interrelationship 
among hormones, which might give a clear understanding 
of the nature of reproductive physiology since these 
influence pregnancy, parturition, and lactation. Such 
information is also essential for designing experiments 
involving adrenal steroids and the interpretation of 
results of clinical diagnostic examinations.
The objectives of the study were: 1. To determine the
circadian rhythm of aldosterone, cortisol and progesterone 
for dairy cattle during summer in Louisiana. 2. To 
determine the effect of adrenocorticotrophin (ACTH) on the 
secretion of aldosterone in dairy cattle. 3. To determine 
the effect of angiotensin II (All) on the secretion of 
aldosterone in the dairy cattle.
REVIEW OF LITERATURE
A. Functions of cortisol, progesterone and aldosterone
Cortisol, the most important natural glucocorticoid 
for dairy cattle, affects a wide range of activities in 
the body, including metabolism of carbohydrates, proteins 
and fats (39). Cortisol increases gluconeogenesis and 
the movement of amino acids from the extracellular fluids 
into the liver cells. This will increase the availability 
of amino acids for conversion to glucose.
A recent study by Matteri and Mober (38) showed that 
in the dairy heifer cortisol affects the release of 
luteinizing hormone induced by luteinizing hormone 
releasing hormone (LH-RH). Cortisol infusion reduces 
pituitary LH release. Significant depression of the 
LH response to the initial LH-RH injection occurs in all 
cases during adrenocorticotrophic hormone (ACTH) treatment. 
In these ACTH treated animals both ACTH and cortisol levels 
were high, suggesting that ACTH and cortisol may work 
synergistically to block LH release, or that ACTH, acting 
alone or by simulating the release of some other adrenal 
hormone, affects pituitary LH secretion.
Progesterone is an important hormone by itself and an 
intermediate in the synthesis of cortisol, aldosterone 
and sex hormone by the adrenal glands. It acts
4
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synergistically with estrogens to bring about estrus 
behavior and is necessary for the maintenance of pregnancy, 
probably through its ability to inhibit uterine contrac- 
tibility and to promote uterine glandular development.
Progesterone has an important effect on reproductive 
efficiency of the animal as it can, at high levels, 
inhibit the ovulatory surge of luteinizing hormone (28). 
Recent findings at Louisiana State University (48) with 
recipient Holstein heifers demonstrated a significant 
relationship between plasma progesterone concentrations 
and resulting pregnancies. Pregnancy rates were low when 
plasma progesterone concentrations were below 2.0 ng/ml 
at the time of transfer.
Progesterone acts as a competitive inhibitor of 
mineralocorticoids at the renal tubular level. Proge­
sterone inhibits the binding of aldosterone to cytoplasmic 
receptors and diminishes the generation of nuclear 
aldosterone complexes capable of attaching to chromatin. 
Presumably, this is accomplished by the ability of pro­
gesterone to compete for receptor binding and to shift the 
equilibrium toward the inactive state of the receptors 
(65). Scatchard analysis demonstrated that progesterone
3inhabits the binding of H -aldosterone to both 
mineralocorticoid and glucocorticoid receptors. Pro­
gesterone was found to be approximately 25% as active as 
aldosterone in inhibiting the binding of H3-aldosterone
6
to renal cytoplasmic receptors.
Aldosterone is the most potent mineralocorticoid of 
the adrenal cortex. It regulates the extracellular 
balance of Na+ and K+ ions and promotes the reabsorp­
tion of the Na+ ions and the excretion of K+ , H+ and 
NH^. Mineralocorticoids regulate electrolyte balance 
through actions on tissues such as kidney, salivary 
glands, sweat glands and the gastrointestinal tract 
(4, 14).
Recent reports (18, 19, 20) showed the presence of 
two binding sites, one of high affinity, a mineralocor­
ticoid, and the other of lower affinity, a glucocorticoid 
site in the kidney. Results obtained by Fakunding and 
Catt (18) and Farman et al. (20) showed that aldosterone 
binds primarily on mineralocorticoidsite in the collect­
ing tubule, and that most of the binding appears to be at 
both mineralocorticoid and glucocorticoid sites in the 
distal tubule, in the different parts of the loop of 
Henle and in the medullary collecting tubule.
B. Biosynthesis and mechanism of regulation of adrenocor­
tical Hormones
Biosynthesis of adrenocortical hormones is carried out 
within the adrenal cortex from acetate by way of cho­
lesterol to prognenolone. Control point of secretion of
7
ACTH is during the conversion of cholesterol to 
pregnenolone. ACTH is taken up by a specific receptor in 
the outer suface of the adrenal cell membrane and acti­
vates adenyl cyclase, which is probably located on the 
inner surface of the membrane. The activated adenyl 
cyclase acts on ATP to release cyclic AMP within the 
cytoplasm. Cyclic AMP may then activate protein kinases 
causing (a) hydrolysis of cholesterol esters which will 
lead to increasing the size of the pool of the free 
cholesterol available for adrenal steroid synthesis and 
(b) synthesis of a labile protein which may be involved 
in the transport of free cholesterol to the mitochondrion 
where conversion takes place (67).
Glucocorticoid synthesis requires hydroxylation at 
the 17 C position (Figure 1). Thus, pregnenolone and 
progesterone yield 17-hydroxypregnenolone, and 17- 
hydroxyprogesterone, respectively, when acted upon by the
17-hydroxylase enzyme. These are the two main pathways 
for the biosynthesis of cortisol, but only the 
progesterone pathway is possible for aldosterone. The 
methyl group of corticosterone is first hydroxylated by
18-hydroxylase enzyme to give 18-hydroxycorticosterone 
which is subsequently oxidized to aldosterone by the 
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Figure 1. Main pathways for the biosynthesis of cortisol, 
aldosterone, and the adrenal androgens from 
pregnenolone {Taken from V. H. T. James (Ed.) 
1979. The Adrenal Gland. Raven Press, N. Y.).
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The steroids secreted by the adrenal cortex are princi­
pally under the control of ACTH or the renin-angiotensin 
system. The glucocorticoid hormones are regulated by 
the secretion of ACTH. The secretion of ACTH is episodic 
in nature, and the frequency and duration of these 
episodes cause a circadian rhythm in the secretion and 
circulating levels of cortisol (30).
The secretion of aldosterone is primarily under the 
control of the renin-angiotensin sytem. In the 
glomerulosa region of the adrenal cortex, angiotensin II 
(All) and increased K+ concentration appear to stimulate 
the conversion of cholesterol to pregnenolone (6). The 
juxtaglomerular apparatus produces renin, an enzyme, 
which reacts with an o^-globulin to release angiotensin 
I (AI). AI is then converted to All by the enzyme 
angiotensinase (43). Recently, a study on the effect of 
AIII (des-asp  ̂All) on the secretion and metabolism of 
aldosterone showed that it is apparently an effective 
stimulus for aldosterone secretion in Na-depleted man 
(68). Mendelsohn and Kachel (41) showed that All 
apparently can stimulate steroid output of rat glomerulosa 
cells at very low concentrations and has a role in the 
physiological control of aldosterone secretion in the 
rat. The low activity of AIII is probably related to 
its rapid degradation. AI appears to owe most of its 
activity to conversion in vitro to All and probably has
10
only low intrinsic activity.
Work by Schaison et al. (55) on adrenal steroido-genesis 
showed an apparent direct action of angiotensin on 21- 
hydroxylase. All has a trophic effect on the adrenal 
cortex, causing a progressive increase in the secretion 
of corticosteroids in the normal sodium as well as in 
the low Na state in man (56). It increased the rate of 
conversion of corticosterone to 18-hydroxycorticosterone 
and aldosterone, and also promoted increased side chain 
cleavage of cholesterol (32).
Another control of mineralocorticoid secretion is the 
direct adrenal effect of changes in sodium and potassium 
concentrations. Childers and Schneiders (8) showed that 
elevation of plasma sodium appears to be an important 
determinant of aldosterone secretion in conscious dogs 
fed normal sodium diets. The alterations in the body Na 
or K status regulate the activity of the enzyme system 
responsible for the conversion of 18-hydroxycorticosterone 
to aldosaterone (42).
ACTH has a physiological role in the regulation of 
aldosterone secretion under conditions of stress (30).
In the zona glomerulosa cells of the adrenal gland, ACTH 
acts via the CAMP messanger system,whereas All and K+ appear 
to exert their effect through a mechanism that does not 
involve changes in the level of cyclic nucleotides, but 
has a marked requirement for calcium. Recent studies
11
(16, 17, 21) have indicated that All and potassium may 
exert their actions in the adrenal via increases in the 
extracellular concentrations of calcium. High concentra­
tions of extracellular calcium stimulated basal 
aldosterone production in adrenal capsular tissues (16,
17, 21) .
The effect of ACTH on the proliferative and secretory 
activities of the rat adrenal glomerulosa showed that (a) 
the mitotic stimulation occured exclusively in the zona 
glomerulosa, (b) the trophic stimulation occured mainly 
in the zona fasciculata and zona reticularis and (c) the 
functional stimulation was found in both, as indicated by 
the plasma aldosterone and corticosterone levels (40).
The effect of chronic low-dose infusion of ACTH on 
aldosterone in sodium replete and deplete man was done 
by Fuchs-Hammoser et al. (26). The study was done for 
four days using two healthy men on a normal sodium diet 
and two others on low sodium diet. Cortisol secretion 
was continuously stimulated by ACTH. Plasma aldosterone 
increased during the first two days of infusion and 
returned to control or below control levels subsequently. 
The transient effect of low-dose ACTH infusion on 
aldosterone secretion may be partly mediated by changes 
in the renin-angiotensin system. Changes in plasma levels 
of All, which controls early and late steps in the
12
mineralocorticoid biosynthesis pathway, may determine the 
extent to which chronically elevated ACTH levels stimulate 
the release of aldosterone and perhaps the release of 
deoxycorticosterone and corticosterone.
A study by Fenski et al. (21) on plasma aldosterone 
levels during physiological and stress conditions in 
rabbits showed ACTH is apparently only of minor importance 
both under basal and stress conditions in the regulation 
of aldosterone secretion.
The renin-angiotensin system was mainly responsible 
for influencing the increased aldosterone output in dogs 
(24), echidna (59) , camel (22), marmot (31), and the 
rat (12, 25).
C . Effects of heat stress
1. Cortisol
A review of the literature on the effects of heat 
stress on glucocorticoid response shows that initial heat 
exposure increases plasma cortisol levels in cattle, 
while long heat exposure or heat acclimation causes decline 
to normal. This reaction of the adrenal hormone is in 
accord with the General Adaptation Syndrome as proposed 
by Selye (58). Findings by several investigators (2, 5,
33, 54) showed the same reaction to heat stress.
The work of Wagner et al. (62) demonstrated that as the 
degree of thermal stress increased (40-48°C, 70-80% RH) in
13
lactating Holstein cows, plasma corticoid also increased. 
Christison and Johnson (9) showed a significant (P < .05) 
increase of glucocorticoid levels after 4 h of exposure 
of Holstein steers to 42°C, 60%RH. Physiological responses 
of ten Holstein heifers were measured under cool (3.3 - 
18.3°C) and controlled hot (23.9 - 35°C) conditions. The 
adverse effects of the hot environment became conspicuous 
soon after initial heat exposure. This was evidenced by 
the reduction in both feed consumption and weight gain 
and by the increased adrenal cortical activity.
Short heat exposure of 40° and 43°C caused average 
increase of 38% at 1 h and declined to control values at 
4.5 h. More moderate 3-day exposure to 35°C increased 
glucocorticoids by 62% and 120% after 2 and 4 h of 
exposure, respectively, then declined gradually to 
values not different from normal at 48 h and remained at 
this level for the duration of exposure (2). Rhynes and 
Ewing (54) worked on eight Hereford bulls kept in a heated 
environment of 35.5°C, 50% RH after a 7-week stay in an 
environment of 21°C, 50% RH. It was observed that there 
was a depression of plasma cortisol levels during the 
first day of exposure to the heated environment from 
average pre-transfer level of 18.03 ng/ml to an average 
post-transfer level of 11.93 ng/ml. It was noted that the 
diminished level remained evident for the duration of the 
heat treatment. Lee et al. (33) collected monthly data
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for one calendar year from lactating Holstein cows under 
Louisiana ambient climatic conditions. A total of 264 
cow-months were taken. The year was divided into seasons 
of cool, intermediate and hot temperatures. Cool season 
consisted of the cool months of December, January,
February and March. Intermediate months were April, May, 
October and November, while hot months comprised of June, 
July, August and September. Circulating corticoids 
exhibited a response (P < .01) to temperature-season by 
declining from a high concentration of 42.3 ng/ml in the 
cool months to a low 22,8 ng/ml in the hot months.
The effect of environmental temperature on the plasma 
glucocorticoids had been studied in Holstein cows in 
Missouri Climatic Laboratory (5). The cows were 
initially held at 18.3°C, 50% RH for six weeks, then 
exposed to 28.9°C, 50% RH for nine weeks and then returned 
to 18.3°C, 50% RH for three weeks. Endogenous level of 
plasma glucocorticoids was determined by a fluorometric 
procedure at periodic intervals in six lactating and two 
dry cows. Exposure to high temperature depressed the 
plasma levels of adrenal glucocorticoids, especially after 
the second week of exposure.
2. Progesterone
To determine adjustments made by lactating dairy 
cattle for the hot humid summer conditions common to the 
Gulf Coast region of the USA, Roussel et al. (50),
15
collected monthly data for one calendar year from 
Holstein cows lactating under Louisiana ambient climatic 
conditions. Plasma progesterone concentrations in the 
hot season (4.6 ng/ml) were significantly (P < .01) 
higher than concentrations in the cool and intermediate 
seasons (3.4 and 3.8 ng/ml, respectively).
3. Aldosterone
There is very limited work done on aldosterone with 
cattle. A study (3) done on Holstein heifers exposed to 
hot and cool conditions in Louisiana showed highly 
significant (P < .01) differences in plasma aldosterone. 
Heifers had an adjusted aldosterone mean level of 81.1 
and 59.3 pg/ml for hot and cool environments, respectively.
In another study (15), four non-pregnant, non- 
lactating Holstein cows 5-7 years old and weighing between 
540 and 641 kg were maintained in the Missouri Climatic 
Laboratory. The water offered to the animals contained 
40 mg Na/L and 10 mg K/L. Five days before the initiation 
of the experiment, the cows were kept at 20°C and 50% RH.
At thermoneutrality (TN) or 20°C, 50% RH, blood samples 
were collected every hour for the first 8 h and then 
twice a day at 0900 and 1600 up to 113 h from the 
initiation of the experiment. Daily water intakes were 
recorded and urine output collected for 24-h periods at 
0-24, 24-48, and 72-96 h from the initiation of the 
experiment. Following 3 days of rest at the end of TN
16
period the temperature in the climatic chamber was raised 
to 35°C and 50% RH, and the study was repeated as described 
for TN. The first 8 h sampling period was used to study 
the effect of acute heat exposure, and the remaining 
105 h were used to evaluate the effect of prolonged heat 
exposure. During acute heat (first 8 h), plasma 
aldosterone concentration was actually about 40% lower 
at 35°C compared to 20°C and declined rapidly during 
later hours of exposure (90-113 h). Concurrently there 
were significant increases in water intake and urine 
volume as the period of heat exposure lengthened.
The effects of heat stress in man showed that acute 
heat exposure resulted in unchanged or moderately altered 
levels of plasma Na, K, Cl, Ca and P, and an increase in 
aldosterone and ACTH (13). In another study on the 
effects of acute heat stress in man (11), it was found 
that plasma renin activity and plasma aldosterone were 
significantly increased but were unaffected by acclima­
tization, whereas plasma cortisol was reduced by accli­
matization .
D. Circadian rhythm studies
Aldosterone secretion under basal conditions is 
episodic in nature, like that of cortisol. The simul­
taneous measurement of plasma aldosterone and cortisol 
levels at frequent intervals showed that the secretory
17
episodes for both hormones are remarkably synchronized 
in time for human (30). The episodes of cortisol are 
abolished following dexamethasone pretreatment while that 
of aldosterone is not affected. Thus, the secretion of 
aldosterone and cortisol occurs synchronously, with the 
nervous system controlling the release of both steroids, 
through the corticotrophin releasing factor-ACTH system 
and through the neural control of the renin-angiotensin 
system.
Diurnal variations in plasma concentrations of the 
adrenal steroids had been demonstrated in man (44) , monkey 
(7) and bovine (36) . The pregnant rhesus monkeys and 
women have similar rhythm in maternal progesterone, with 
low values in the early morning and the highest values in 
the late evening. In both, progesterone is lowest when 
cortisol is at the highest point of its circadian rhythm. 
In bovine, adrenal corticosteroids were determined by a 
competitive protein-binding technique in blood samples 
taken at various times of the day via indwelling jugular 
cannulae from six cows in each of three groups: pregnant
non-lactating, non-pregnant lactating and pregnant lactat­
ing. The results showed a pattern of plasma cortico­
steroid concentration suggestive of a daily rhythm with 
higher concentrations between 0230 and 0630 and lower 
concentrations at 0830 in the three groups (36). Wagner 
and Oxenreider (64), using indwelling jugular vein
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cannula, collected blood samples at 30 min intervals during 
a 24-h period to determine diurnal variations in plasma 
corticoids of nine cows (three non-lactating, three 
milked and three suckled). Levels of plasma corticoids 
were measured by the protein binding method. Mean corti- 
coid levels were 4.5, 6.8, and 9.4 ng/ml for the non- 
lactating, milked and suckled groups, respectively. For 
consideration of diurnal effects, data from all animals 
were pooled. Three time periods were used: 0200-1000,
1000-1800 and 1800-0200, respectively. The mean values 
were 7.34 ± 0.53, 7.51 ± 0.68 and 5.31 ± 0.46 ng corti- 
coid/ml, respectively, for the three time periods. The 
level of 5.31 ng/ml for the 1800-0200 period was 
significantly (P < .05) lower than the values for the 
other two time periods. All three lactation groups showed 
this diumal pattern.
EXPERIMENTAL PROCEDURES
A. Procedure for aldosterone secretion mechanism
A 3x3 Latin Square design, replicated twice, was used 
with one animal per treatment. The experimental animals 
were injected intravenously with 6 ml physiological saline 
for the control, 200 I.U. of ACTH for treatment B, and 18 
mg of All for treatment C. Both ACTH and All were diluted 
in 6 ml of physiological saline. Each animal was subjected 
to each treatment during each collection period of three 
days. Collection was done every other day within the 
square and with three days of rest period after the first 
replicate.
Three Holstein heifers, 15 months old were synchronized 
with prostaglandin (pGF2a  ̂ to minimize possible effects 
from ovarian progesterone. Blood samples were collected 
via jugular catheter before treatment, fifteen and thirty 
min after treatment, then at hourly intervals for six 
hours. Samples were centrifuged and serum frozen for 
subsequent analysis for progesterone, aldosterone, 
cortisol, sodium and potassium.
Radioimmunoassays (RIA) used were validated in 
Louisiana State University, Dairy Physiology Laboratory, 
by Roussel et al. (53) for aldosterone, Roussel et al.
(52) for cortisol and Remsen et al. (48) for progesterone
20
for their accuracy, precision, sensitivity and specificity. 
Values for serum Na and K, diluted 1:70 and 1:10 with 
distilled water, respectively, were determined by using 
Perkin-Elmer 5000 Atomic Absorption Spectrophotometer.
B. Procedure to implement circadian rhythm study
Twelve Holstein heifers, pregnant from 120-150 days 
were used. All animals were managed the same and fed with 
100% of the NRC requirements. The ration consisted of 16% 
crude protein pelletized ration and alfalfa hay. The 
animals were confined to stalls and were fitted with 
jugular catheter 24 h before the collection using the 
procedure outlined by Roussel and Gomila (51). The animals 
were bled at hourly intervals for 24 h. The blood samples 
were centrifuged, and the plasma and serum components were 
frozen for subsequent analyses.
Progesterone and cortisol were analyzed at hourly 
intervals while aldosterone, sodium and potassium at 
every two hours.
C . Statistical analysis
Data for the mechanism of aldosterone secretion were 
analyzed by using the analysis of variance. Statistical 










Treatment x Time 16
Error b 120
Orthogonal contrasts were made for control against 
ACTH and All treatments, and ACTH against All treatments 
for parameters whose treatment effects were found signi­
ficant. Also, such orthogonal comparisons were made across 
time for significant interaction of treatment by time 
effect.
Circadian rhythm was analyzed statistically with the 
analysis of covariance to determine changes in hormonal 
level in response to the time of the day. Analysis of 





Animal or ID 11
Time 1
Error 275
Analysis of covariance model for aldosterone, sodium 
and potassium is as follows;
Source df
Total 143
Animal or ID 11
Time 1
Error 131
RESULTS AND DISCUSSIONS 
A. Mechanism of aldosterone secretion
Sampling was conducted during the latter part of 
November. Typical fall weather was experienced in which 
temperatures were neither extreme nor unusually varied. 
Temperatures ranged from 5 - 10°C.
1. Effects of treatments on the levels of aldosterone 
in the blood serum.
Injections of ACTH and All resulted in a significant 
increase (P < .0005) in the concentration of aldosterone 
in the blood serum (Appendix, Table 1). Treatment with 
All resulted in a significantly higher concentrations of 
aldosterone than with ACTH (Appendix, Table 2). The mean 
serum aldosterone responses ± standard error (S.E.) for 
control, ACTH and All treatments were 57.1 ± 51.9, 234.9 
± 51.7 and 466.2 ± 53.6 pg/ml, respectively (Table 1).
Aldosterone values changed significantly (P < .01) 
with time across treatments. The All treatment, however, 
sustained higher concentrations of serum aldosterone for 
a longer period of time than the ACTH treatment (Figure 2). 
Mean aldosterone responses over time for each treatment 
are shown in Table 2.
It appears that ACTH can cause an increase in
23
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Figure 2. Aldosterone response at different time intervals 
for each treatment.




Mean S.E. Mean S.E. Mean S.E.
0 66.7 153.2 100.4 153.2 219.1 153.2
15 74.7 169.7 130.4 153.2 252.8 153.2
30 66.0 153.2 254.2 169.6 760.4 153.2
60 49.5 153.2 561.5 153.2 1059.5 153.2
120 56.8 143.0 294.8 153.2 320.2 153.2
180 50.6 153.2 248.6 153.2 601.9 153.2
240 30.4 153.2 83.9 153.2 704.2 170.2
300 63.9 153.2 235.9 153.2 233.2 170.2




aldosterone, but All seems to be the primary stimulator 
for its secretion from the adrenal gland. Several reports 
(12, 24, 25, 35) have shown that infusion of synthetic 
All in rabbits, rats, dogs and’ man led to an increased 
aldosterone secretion. Freudland et al. (24) measured 
the production of aldosterone by isolating canine zona 
glomerulosa cells from cell suspensions after incubation 
with All and ACTH. Isolated cells responded to physio­
logical concentrations of All in vitro by an increase in 
aldosterone production. Similar changes were found using 
low concentrations of ACTH and by changing extracellular 
concentrations of potassium. Douglas et al. (12) found a 
significant increase in aldosterone production with All 
concentrations as low as 3 x 10 (equivalent to normal
blood level of All in rats) in collagenase-dispersed 
adrenal glomerulosa cells. Those cells were also found 
to be highly responsive to ACTH.
2. Effects of treatments on the levels of sodium in the
blood serum.
Mean sodium values ± S.E. were 331.8 ± 1.0, 335.1 ± 1.0 
and 331.3 ± 1.0 mg% for control, ACTH and All treatments, 
respectively (Table 3). Treatments did not result in a 
significant change in the sodium content of the blood 
serum (Appendix, Table 3). Mean sodium response at the 
different time intervals for each treatment is presented
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in Table 4. Sodium did not change with time (Figure 3). 
Correlation analysis for possible effects of treatment on 
sodium through aldosterone revealed no significant 
relationship.
3. Effects of treatments on the levels of potassium in the
blood serum.
Mean potassium values ± S.E. were 16.8 ± 0.1, 16.7 ±
0.1 and 16.6 ± 0.2 mg% for control, ACTH and All, 
respectively (Table 5). Mean potassium values for the 
different treatments were not significantly different 
(Appendix, Table 4). There was a significant effect of 
time as well as treatment by time interaction on potassium 
concentrations. Potassium response at different time 
intervals for each treatment is shown in Figure 4 and 
Table 6. Orthogonal comparison for control against ACTH 
and All treatments, and ACTH against All treatments for 
each time showed no definite pattern (Appendix, Table 5). 
There was no significant correlation between potassium 
and aldosterone.
It has been accepted that the primary effect of 
aldosterone is on the kidney tubules by promoting the 
renal exretion of potassium and the retention of sodium 
at the distal nephron. Therefore, it is expected that 
with the increase in aldosterone there should be a cor­
responding increase in the level of sodium in the serum




Mean S.E. Mean S.E. Mean S.E.
0 327.2 2.9 330.2 2.9 341.8 2.9
15 329.8 2.9 330.7 2.9 336.2 2.9
30 329.0 2.9 330.5 2.9 334.2 2.9
60 329.0 2.9 341.0 2.9 331.5 2.9
120 332.0 2.9 342.5 2.9 332.0 2.9
180 335.0 2.9 335.7 2.9 329.6 3.2
240 334.5 2.9 333.5 2.9 326.1 3.2
300 334.0 2.9 336.5 2.9 325.9 3.2
















0 60 120 180 240 300 360
tInjection TIME (Minutes)
Figure 3. Sodium response at different time intervals 
for each treatment.
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Figure 4. Potassium response at different time 
intervals for each treatment.
Table 6. Mean potassium response at different time intervals for each treatment.
Potassium (mg%)
Time (sec) Control ACTH All
Mean S.E. Mean S.E. Mean S.E.
0 17.5 0.4 18.0 0.4 17.7 0.4
15 17.1 0.4 17.3 0.4 20.5 0.4
30 16.4 0.4 16.8 0.4 17.2 0.4
60 16.9 0.4 15.9 0.4 15.6 0.4
120 16.0 0.4 16.3 0.4 15.8 0.4
180 16.9 0.4 16.4 0.4 15.2 0.5
240 16.3 0.4 16.1 0.4 15.8 0.5
300 16.5 0.4 16.3 0.4 15.8 0.5
360 17.2 0.4 17.1 0.4 15.6 0.5
u>
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and a concomittant decrease in potassium. The present 
study did not exhibit these patterns for sodium and 
potassium in relation to the increase in aldosterone as a 
result of ACTH and All treatments. Perhaps it would be 
useful for future work on interrelationship of 
aldosterone and sodium to make use of depletion-repletion 
experiments on animals with sodium.
4. Effects of treatments on the levels of cortisol in
the blood serum.
Injections of ACTH and All resulted in a significant 
(P < .0012) increase in blood serum cortisol (Appendix, 
Table 6). Cortisol responses to treatments were signifi­
cantly different. Treatment with ACTH resulted in a 
significantly higher cortisol response than with All.
Mean ± S.E. cortisol concentrations for control, ACTH 
and All treatments were 5.6 ± 1.0, 29.6 ± 1.0 and 16.2 ± 
1.0 ng/ml, respectively (Table 7).
Cortisol values changed significantly (P < .0001) 
across time within treatments (Appendix, Table 7). 
Cortisol levels increased within 15 min of injection of 
ACTH, and within 60 min of injection of All. Treatment 
with ACTH resulted in significantly (P < .0001) higher 
cortisol concentration than All across time (Figure 5). 
Mean cortisol responses over time for each treatment are 
shown in Table 8.
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Figure 5. Cortisol response at different time 
intervals for each treatment.




Mean S.E. Mean S.E. Mean S.E.
0 3.3 2.9 5.0 2.9 3.8 2.9
15 8.4 2.9 38.1 2.9 41.5 2.9
30 4.7 2.9 43.9 2.9 46.0 2.9
60 12.0 2.9 46.6 2.9 24.9 2.9
120 5.5 3.2 41.6 2.9 10.9 2.9
180 3.9 2.9 43.8 2.9 4.8 2.9
240 3.9 2.9 24.1 2.9 3.8 3.2
300 4.6 2.9 17.8 2.9 5.8 3.2
360 4.0 2.9 15.0 2.9 4.4 3.2
00
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While All was shown to be the primary stimulator for 
aldosterone secretion, it can be easily seen from the 
data for cortisol that ACTH appears to be the primary 
control for the secretion of cortisol, with only 
permissive role for All. All increases cortisol in 
conjunction with its primary role in the production of 
aldosterone. The same assumption could be made for ACTH, 
that the role of ACTH is primarily for the production of 
cortisol, it will also cause an increase in aldosterone 
as it increases cortisol.
All increases not only the conversion of corti­
costerone to aldosterone but also increases the rate of 
cholesterol side chain cleavage (32, 34). On the other 
hand, ACTH increases only the conversion of cholesterol 
to 20B, 223-dihydroxycholesterol (30). It could be 
easily seen that both ACTH and All can increase the 
intermediate compounds in the metabolic pathway for 
cortisol and aldosterone which therefore leads to the 
subsequent increase synthesis for both. However, there 
is another control point to consider in the case of 
aldosterone synthesis. This is the conversion of 
corticosterone to 18-hydroxycorticosterone and then to 
aldosterone by All. It is therefore logical to see why 
All can produce more aldosterone than cortisol and for 
ACTH more cortisol than aldosterone.
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5. Effects of treatments on the levels of progesterone
in the blood serum.
Injections of ACTH and All did not significantly 
influence levels of serum progesterone (Appendix, Table 8). 
Mean ± S.E. progesterone concentrations for control, ACTH 
and All treatments were 1.0 ± 0.1, 1.1 ± 0.1 and 1.2 ±
0.1 ng/ml, respectively (Table 9).
Progesterone values changed significantly (P < .0001) 
across time within treatments. Progesterone levels 
increased within 15 min of injection of ACTH and within 
30 min of injection of All (Appendix, Table 9). These 
increases were short-lived as progesterone fell to base 
levels within 60 min (Figure 6). Mean progesterone 
responses over time for each treatment are shown in 
Table 10.
Adrenal progesterone has been positively correlated 
to cortisol (62, 66). It was suggested that progesterone 
might be an obligatory intermediate in cortisol synthesis. 
If so, the lack of significance between treatments may 
have been due to a proportional conversion of progesterone 
to cortisol. Initial increases in response to ACTH and 
All may either have resulted from a delayed adrenal 
conversion or the adrenals being forced to produce more 
progesterone than what the glands are capable of synthesiz­
ing aldosterone and cortisol.
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Figure 6. Progesterone response at different time 
intervals for each treatment.
Table 10. Mean progesterone response at different time intervals for each treatment.
Progesterone (ng/ml)
Time (sec) Control ACTH All
Mean S.E. Mean S.E. Mean S.E.
0 1.0 0.2 0.9 0.2 0.9 0.2
15 1.0 0.2 1.9 0.2 1.9 0.2
30 0.7 0.2 1.8 0.2 2.1 0.2
60 1.3 0.2 1.2 0.2 1.1 0.2
120 1.1 0.2 0.7 0.2 0.7 0.2
180 1.0 0.2 0.6 0.2 0.9 0.2
240 1.4 0.2 0.7 0.2 0.6 0.3
300 0.9 0.2 1.2 0.2 0.8 0.3
360 0.7 0.2 1.0 0.2 1.4 0.3
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B. Circadian rhythm study
Sampling was conducted during the latter part of May. 
Temperatures and relative humidities were typical for 
summer periods in Louisiana. Hourly temperatures and 
relative humidities on the day of sampling are shown in 
Table 11.
1. Aldosterone
Aldosterone changed significantly (P < .0001) with 
2time (R = .29, Appendix, Table 10). Values range from 
116.5 ± 17.2 pg/ml at 0800 to 26.7 ± 2.0 pg/ml at 1600, 
at a rate of 3.1 pg/ml every two hours (Figure 7). Mean 
values for aldosterone are shown in Table 12. The mean 
± S.E. aldosterone value for the twelve animals across 
time was 62.7 ± 3.6 pg/ml. Mean concentrations for each 
animal are given in Table 13.
The response seen across time for aldosterone may have 
been due to changes in temperature. Aldosterone was 
positively related with temperature (r = .66, P < .02). 
During the time when the temperature was high, 30 - 34°C, 
aldosterone values were also high. This is probably 
caused by high concentrations of All during these periods 
of the day, and as had been shown in the basic study with 
aldosterone, the primary effector for the secretion of 
aldosterone appears to be All. The supposed increase
45
Table 11. The hourly temperature and relative humidity 
for the day during collection.
Relative


















































Figure 7. Relationship between aldosterone in pregnant 
heifers and time of the day.
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Table 12. Mean aldosterone values at the different time 
of the day.






























83 49. 7 2.8
84 62.4 11.1
x (n = 144) 62.7 3.6
49
level of All is very important to the adaptation mechanism 
to heat stress since All, aside from its major role in 
aldosterone production, has many important functions.
There is a good deal of experimental evidence suggesting 
the renin-angiotensin system in the regulation of water 
intake and body fluid homeostasis {29, 34, 37, 49). The 
results of a number of studies indicate that All acts 
on the brain to initiate water intake. All stimulates 
the drinking mechanism through the central nervous system. 
It is well known that man and animal drink more water 
during hot than cold weather. Water intake complements 
other heat dissipating mechanisms such as vasodilation 
and sweating, as well as replacing the water loss 
resulting from exposure to heat. Self et al. (57) 
showed that urine volume generally increases during heat 
stress in dairy animals. The magnitude of the increase 
is dependent on the increase in water consumption. This 
increase in urine volume will also eliminate a con­
siderable amount of heat from the body. Increased 
water intake can therefore be considered a behavioral 
thermoregulatory response to heat stress.
It also appears that aldosterone is high at the 
initial exposure to heat and declines during exposure. 
Changes in aldosterone might be reflecting a stimulation 
of the body's adaptation mechanism to heat stress.
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Generally, that mechanism involves increases in water 
intake, sweating, urine volume and vasodilation.
2. Sodium
Sodium changed significantly (P < .0051) with time 
(Appendix, Table 11). Sodium was low in the morning and 
increased significantly with time (Table 14, Figure 8).
The highest mean + S.E. was 377.9 ± 6.1 mg% at 1800 
and the lowest 320.1 ± 7.3 mg% at 0600. The mean sodium 
value for all twelve animals at all time was 352.8 ± 3.1 
mg%. Mean concentrations for each animal are given in 
Table 15.
The low blood plasma sodium concentration of the 
blood plasma in the morning might contribute to the high 
level of aldosterone, since aldosterone acts on the 
distal nephron causing sodium reabsorption. It appears 
that sodium is another modulator of aldosterone in the 
dairy cattle.
3. Potassium
Potassium changed significantly (P < .0002) with time 
(Appendix, Table 12). Mean values ± S.E. increased from 
20.9 + 0.5 mg% at 0600 to 23.2 ± 0.3 mg% at 0200 (Table 16, 
Figure 9). Mean concentrations of potassium for each 
animal are in Table 17. Mean value for the twelve 
animals across time was 22.1 ± 1,7 mg%.
Potassium concentrations were low in the morning and
51
Table 14. Mean sodium values at different time of the 
day.
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Figure 8. Relationship between sodium in pregnant 
heifers and time of the day.
53
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Table 16. Mean potassium values at different time of 
the day.
Time (h) Potassium (mg%)
Mean S.E.
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Figure 9. Relationship between potassium in pregnant 
heifers and time of the day.
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then increased significantly {P < .0002) with time. The 
high level of aldosterone in the morning might cause an 
immediate response on the distal nephron for the excre­
tion of potassium. Another point to consider is the 
feeding management which might also explain the pattern 
for sodium. That is, concentrate which contains the 
mineral supplement was given in the morning, 0 800 and 
by the following morning levels of sodium and potassium 
were already low in the plasma. Study done on marmot 
showed that plasma aldosterone was sufficient (P < .01) 
high during hibernation to prevent large renal losses of 
sodium during arousal from hibernation (31).
4. Cortisol
Cortisol did not change significantly with time 
(Appendix, Table 13). The highest concentration of 
cortisol was 22.2 ± 3.2 ng/ml at 0800 and the lowest 
3.1 ± 8.6 ng/ml at 1200 (Table 18, Figure 10). The mean 
concentration of plasma cortisol for the individual 
animal is shown in Table 19. Mean cortisol level for 
all animals was 12.5 ± 0.5 ng/ml.
The nonsignificant effect of time on 
cortisol means that dairy animals were able to maintain 
metabolic heat production for homeostasis during hot 
condition. The nonsignificantly high level at 0800 for 
cortisol might have been due to All that was possibly
58
Table 16. Mean cortisol values at the different time 
of the day.
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Figure 10. Relationship between plasma cortisol in 
pregnant heifers and time of the day.
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increased as evidenced by the significantly high concen­
trations of aldosterone during this same time. Basic 
study with aldosterone secretion showed that All 
significantly (P < .0005 and P < .0012) increased both 
aldosterone and cortisol, respectively.
The nonsignificant change in concentration of cortisol 
at night was essential to maintain the high levels of 
progesterone needed to sustain pregnancy of the animals.
It has been shown that cortisol might displace proge­
sterone from binding sites on transcortin, thereby 
increasing the progesterone metabolic clearance rate and 
lowering its plasma concentration (6).
5. Progesterone
Progesterone levels changed significantly with time
2(R = .17, Appendix, Table 14. There was a significant 
(P < .01) increase from 2.8 ± 0.4 ng/ml at 0700 to 7.5 ± 
1.4 ng/ml at 2400, at an hourly rate of 0.5 ng/ml every 
hour (Figure 11). Mean plasma progesterone values at the 
different time of the day are shown in Table 20, while 
those for individuals are shown in Table 21. The mean 
progesterone level for all twelve animals was 4.6 ± 0.2 
ng/ml.
The value for progesterone was low in the morning 
when aldosterone was found high. This is an important 
physiological adjustment since progesterone can inhibit 























Figure 11. Relationship between progesterone in 
pregnant heifers and time of the day.
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Table 20. Mean progesterone values at different time 
of the day.













































x (n = 279) 4.6 0.2
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It is necessary that progesterone is low when the animals 
need aldosterone, that is in the morning when sodium is 
low, there is a need to conserve sodium for electrolyte 
balance and maintenance of the integrity of the cells.
In this study, progesterone was high at night.
Similar rhythms were also found in the pregnant monkeys 
(7) and women (44) , with low values in the early morning 
and the highest in the late evening.
SUMMARY AND CONCLUSION
A. Basic study with aldosterone mechanism of secretion
Three 15 month old Holstein heifers from Louisiana 
State University dairy herd were used in a replicated 
Latin Square design experiment to study the mechanism 
of aldosterone secretion and to determine the inter­
relationships that exist among the factors that 
influence its secretion. Such factors were cortisol, 
progesterone, sodium and potassium. To implement these 
objectives, the animals were injected i.v. with 200 I.U. 
of ACTH and 18 mg of All. Animals were synchronized with 
PGF2a and collection was immediately done every other 
day within the square and with three days rest period 
after the first replicate. Blood samples were collected 
via jugular catheter before treatment, fifteen and thirty 
min after treatment, and at hourly intervals for six 
hours thereafter. Serum samples were frozen for 
subsequent analysis. A validated RIA methodology was 
used for each respective steroid.
Treatment with ACTH and All resulted in a significant 
increase of serum aldosterone. Response to All treatment 
was found to be significantly higher than ACTH treatment 
and was maintained high longer than ACTH. Mean 
aldosterone values were 57.1 ± 52.0, 234.9 ± 51.7 and
66
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466.2 ± 53.6 pg/ml for control, ACTH and All treatment, 
respectively. The increase of aldosterone in response 
to treatment did not change serum concentrations of 
sodium and potassium.
Cortisol response was shown to be significantly 
increased as a result of ACTH and All treatments 
(P < .0012) . All the responses were found to be 
statistically different from each other, with values for 
ACTH treatment significantly higher than All treatment. 
Mean values found were 29.4 + 1.0, 16.2 ± 1.0 and 5.6 ± 
1.0 ng/ml for ACTH, All and control, respectively.
ACTH and All had no significant effect on serum 
progesterone response of the dairy heifers. The mean 
progesterone values were 1.0 ± 0.9, 1.1 ± 0.1 and 1.2 ±
0.1 ng/ml for control, ACTH and All treatments, 
respectively.
Data from the basic study on the secretion of 
aldosterone seem to warrant the following conclusions:
1. All is the primary stimulator for the secretion 
of aldosterone, while ACTH is for cortisol secretion in 
dairy animals.
2. All increases the production of cortisol in 
conjunction to its primary role in the production of 
aldosterone, while ACTH increases aldosterone synthesis 
in conjunction to its primary role in cortisol production.
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3. Progesterone used for the synthesis of aldosterone 
and cortisol is directly synthesized within the adrenal 
gland.
B. Circadian rhythm study
Twelve Holstein heifers, pregnant from 120-150 days 
were used. The animals were bled through the jugular 
catheter at hourly intervals from 0600 for 24 hours.
Aldosterone changed significantly (P < .0001) with 
time. Aldosterone was highest at 0800 (116.5 + 17.2 
pg/ml) and lowest at 1600 (26.7 ± 2.0 pg/ml). It was 
found to decrease with time at a rate of 3.1 pg/ml for 
every two hours.
Sodium and potassium had the same pattern, that is, 
both increased with time. Concentrations of sodium and 
potassium were low in the morning.
There was no significant effect of time on cortisol 
concentration. The highest concentration was found at 
0800 and the lowest at 1300, 22.2 ± 3.2 and 3.1 ± 8.6 
ng/ml, respectively.
Progesterone concentration was highest at 2400 and 
lowest at 0700, 7.5 ± 1.4 and 2.8 ± 0.4 ng/ml, 
respectively. It was found to increase with time.
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The gathered data from the circadian rhythm study 
furnished evidences to justify the following conclusions:
1. During summer in Louisiana, aldosterone is high 
in the morning and then significantly decreases with 
time, that is, aldosterone is high at the initial 
exposure to heat and then declines with exposure to heat 
during summer days. Aldosterone is positively related 
with temperature (r = .66, P < .02).
2. Serums sodium and potassium are low in the
morning and then significantly increase with time until
1800 and 0200, respectively.
3. Cortisol is not significantly affected by time,
that is, dairy animals can control cortisol values to 
maintain metabolic heat production for homeostasis, 
especially during the time when the temperature is high.
4. Progesterone is low in the morning and high at
night. Progesterone increases with time.
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Table 1. Statistical analysis table for aldosterone.
Source df SS F PR > F
Square 1 20241.12 .30 .6048
Anima1/square 4 3908109.85 14.38 .0031
Per iod/square 4 3115441.20 11.47 .0057
Treatment 2 4589607.83 33.79 .0005
Error a 6 409699.68
Time 8 2812107.95 2.50 .0155
Treatment x time 16 3114768.57 1.38 .1628
Error b 115 16199341.75
Corrected total 156 34154603.18
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Table 2. Orthogonal contrast for aldosterone.
Contrast df SS F PR > F
Con vs ACTH vs All 1 2907297.52 20.81 0.0001
ACTH vs All 1 1436346.21 10. 28 0.0017
Con 0* 1 34639.41 0. 25 0.6195
TRT 0** 1 42233.47 0. 30 0.5835
Con 15 1 47450.53 0. 34 0.5612
TRT 15 1 44908.57 0.32 0.5718
Con 30 1 753499.62 5.39 0.0220
TRT 30 1 687155.31 4. 92 0.0285
Con 60 1 2316940.62 16.58 0.0001
TRT 60 1 744061.80 5.33 0.0228
Con 120 1 275182.55 1.97 0.1532
TRT 120 1 1938.02 0.01 0.9064
Con 180 1 561550.40 4.02 0.0473
TRT 180 1 374604.00 2.68 0.1043
Con 240 1 509061.00 3.64 0.0588
TRT 240 1 1033914.20 7.40 0.0075
Con 300 1 112131.47 0.80 0.3722
TRT 300 1 19.45 0.00 0.9906
Con 360 1 5220.22 0.04 0.8471
TRT 360 1 27165.91 0.19 0.6601
*Control vs ACTH vs All at time 0.
**ACTH vs All at time 0.
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Table 3. Statistical analysis table for sodium.
Source df SS F PR > F
Square 1 554.33 2.41 .1719
Animal/square 4 515.53 .56 .7014
Period/square 4 532.57 .58 .6902
Treatment 2 350.83 .76 .6075
Error a 6 1525.81
Time 8 260.76 .67 .7169
Treatment x time 16 2472.59 3.18 .0002
Error b 116 5642.38
Corrected total 157 11683.77
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Table 4. Statistical analysis table for potassium.
Source df SS F PR > F
Square 1 7.09 3.09 .1295
Animal/square 4 57.33 6.24 .0249
Period/square 4 4.93 .54 .7152
Treatment 2 .20 .04 .9568
Error a 6 13.55
Time 8 94.39 11.48 .0001
Treatment x time 16 70.01 4.26 .0001
Error b 116 119.21
Corrected total 157 365.16
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Table 5. Orthogonal contrast for potassium.
Contrast df SS F PR > F
Con vs ACTH vs All 1 0.26 0.21 0.6455
ACTH vs All 1 0.93 0.77 0.3834
Con 0* 1 0.54 0.44 0.5082
TRT o** 1 0.21 0.17 0.6767
Con 15 1 12.96 10.62 0.0015
TRT 15 1 29.45 24.12 0.0001
Con 30 1 1.09 0.90 0.3456
TRT 30 1 0.97 0.80 0.3737
Con 60 1 5.21 4.27 0.0410
TRT 60 1 0.30 0.25 0.6206
Con 120 1 0.02 0.02 0.8967
TRT 120 1 0. 75 0.61 0.4348
Con 180 1 4.77 3.91 0.0505
TRT 180 1 4.04 3.31 0.0714
Con 240 1 0.40 0.33 0.5681
TRT 240 1 0.12 0.10 0.7544
Con 300 1 0.66 0.54 0.4637
TRT 300 1 0.57 0.47 0.4951
Con 360 1 0.65 0.53 0.4673
TRT 360 1 16.63 13.62 0.0003
♦Control vs ACTH vs All at time 0 .
**ACTH vs All at time 0.
83
Table 6. Statistical analysis table for cortisol.
Source df SS F PR > F
Square 1 691.89 2.24 .1854
Animal/square 4 2157.54 1.74 .2583
Period/square 4 480.39 .39 .8105
Treatment 2 15554.69 25.14 .0012
Error a 6 1662.69
Time 8 14838.62 37.66 .0001
Treatment x time 16 9367.08 11.89 .0001
Error b 116 5713.47
Corrected total 157 50457.37
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Table 7. Orthogonal contrast for cortisol response.
Contrast df SS F PR > F
Con vs ACTH vs All 1 19345.82 212.66 0.0001
ACTH vs All 1 4339.49 39.20 0.0001
Con 0* 1 4.91 0.10 0.7512
TRT 0** 1 3.74 0.08 0.7820
Con 15 1 3943.84 81.07 0.0001
TRT 15 1 34.00 0.70 0.4049
Con 30 1 6057.88 124.52 0.0001
TRT 30 1 28.57 0.59 0.4450
Con 60 1 2272.11 46.70 0.0001
TRT 60 1 1404.00 28.86 0.0001
Con 120 1 1659.39 34.11 0.0001
TRT 120 1 2827.47 58.12 0.0001
Con 180 1 1013.36 20.83 0.0001
TRT 180 1 2694.00 55.38 0.0001
Con 240 1 389.12 8.00 0.0055
TRT 240 1 1113.72 22.89 0.0001
Con 300 1 198.11 4.07 0.0459
TRT 300 1 388.19 7.98 0.0056
Con 360 1 82.05 1.69 0.1966
TRT 360 1 191.10 3.93 0.0498
♦Control vs ACTH vs All at time 0.
**ACTH vs All at time 0.
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Table 8. Statistical analysis table for progesterone.
Source df SS F PR > F
Square 1 23.33 9.69 .0208
Animal/square 4 55.79 5.79 .0294
Period/square 4 6.34 .66 .6427
Treatment 2 .90 .19 .8337
Error a 6 14.83
Time 8 11.60 4.41 .0001
Treatment x time 16 13.91 2.64 .0014
Error b 117 38.45
Corrected total 158 164.63
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Table 9. Orthogonal contrast for progesterone response.
Contrast df SS F PR > F
Con vs ACTH vs All 1 0.71 2.17 0.1433
ACTH vs All 1 0.02 0.07 0.7855
Con 0* 1 0.03 0.10 0.7493
TRT 0** 1 0.02 0.06 0.8013
Con 15 1 3.55 10.83 0.0013
TRT 15 1 0.00 0.00 0.9599
Con 30 1 5.84 17.73 0.0001
TRT 30 1 0.12 0.37 0.5440
Con 60 1 0.06 0.19 0.6630
TRT 60 1 0.01 0.02 0.8800
Con 120 1 0.46 1. 39 0.2405
TRT 120 1 0.00 0.01 0.9198
Con 180 1 0.23 0.71 0.4000
TRT 180 1 0.19 0.57 0.4508
Con 240 1 2.21 6.74 0.0106
TRT 240 1 0.01 0.02 0.8914
Con 300 1 0.03 0.08 0.7727
TRT 300 1 0.36 1.09 0.2987
Con 360 1 1.19 3.64 0.0590
TRT 360 1 0. 32 0.98 0.3243
♦Control vs ACTH vs All at time 0.
**ACTH vs All at time 0.
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Table 10. Analysis of covariance table for aldosterone.
Source df SS P PR > F
ID 11 14017.75 0.88 .5618
Time 1 64566.83 44.62 .0001
Error 131 189579.17
Corrected total 143 268163.75
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Table 11. Analysis of covariance table for sodium.
Source df SS F PR > F
ID 11 10782.34 .76 .6831
Time 1 10541.96 8.14 .0051
Error 128 165789.19
Corrected total 140 186637.10
89
Table 12. Analysis of covariance table for potassium.














Table 13. Analysis of covariance table for cortisol.
Source df SS F PR > F
ID 11 1285.46 1.50 .1322
Time 1 0.01 0.00 .9900
Error 274 21417.13
Corrected total 286 22702.61
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Table 14. Analysis of covariance table for progesterone.
Source df SS F PR > F
ID 11 263.84 4.41 .0001
Time 1 34.18 6.29 .0128
Error 266 1445.95
Corrected total 278 1747.82
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